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The anodic oxidation of 1-pentyne was studied at 70°C 
on Pt and Au electrodes in solutions of H2so 4 , K2so 4 , 
K2co 3 , and KOH. Pt was studied in a pH range of 0.35 -
12.7 and Au in a range of 10.9- 12.7. Reaction rates were 
measured as a function of potential, pH, temperature, and 
1-pentyne partial pressure. The coulombic efficiencies for 
the oxidation to co 2 were 77 percent in 1 N H2so 4 and 
69 percent ln 1 N KOH on Pt and 43 percent in 1 ~ KOH on 
Au. 






















Reaction sequences that are consistent with the para-
meters are 
iii 
R (sol) = R(ads) ( 1) 
-Oll (sol) = OH (ads) + e ( 2) 
H2o (sol) = OH (ads) + H+ + e ( 3) 
R (ads) + oa(ads) -+ ROH (ads) ( 4) 
-ROH (ads) + OE (sol) -+ ••• -+ products ( 5) 
Reaction (4) is the r.d.s. on Pt and reaction (5) is the 
r.d.s. on Au. The rate equation on Pt is 
and on Au is 
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I. INTRODUCTION 
The study of the electrochemical oxidation of organic 
materials has had a recent impetus from fuel cell studies. 
In order to optimize the performance of fuel cells, funda-
mental 3tudies are necessary to elucidate the mechanisms 
of the oxidation processes. 
Although the research pressures to produce an efficient 
fuel cell have lessened, there remains the scientific 
curiosity about the catalytic processes of these reactions. 
This same curiosity led to the present study of the 
electrochemical oxidation of 1-pentyne on Pt and Au. 
1 
2 
II. LITEEATURL REVIE'V'J 
The results of work reported in the literature con-
cerning the anodic oxidation of alkynes have been re-
stricted mainly to acetylene. Electrodes used for these 
studies were platinum and gold. Since there are no 
specific reports pertaining to tlle butynes and these re-
actions can be included under the general classification 
of electrocatalysis, this review will treat separately 
the topics of the anodic oxidation of acetylene on Pt, 
the anodic oxidation of acetylene on Au, and electro-
catalysis. 
A. Anodic Oxidation of Acetylene on Platinum 
Johnson, Wroblowa, and Bockris 1 studied the oxida-
tion of acetylene on platinized-platinurn. Current-
potential relations were determined over a pH range of 
0.35 to 12.5 at 80°C. The Tafel regions were 450-500 mv 
more anodic than the rest potentials. A pH effect, 
Cllog i/Clp.l, of 0.8 was observed. Passivation of the elec-
trade commenced at 0.2 and 1.0 v (SHE) in 1 N NaOH and 
1 N H2so 4 , respectively. The Tafel slopes in all solutions 
were 65-75 mv (see Figure 1). 
Activation energies were determined 1n 1 LJ NaOH 
and 1 N H2so 4 solutions at potentials in the Tafel region 
with ClE /ClV = -25 Kcal/volt. 
a 
The activation energies at 










105 10- 4 10-3 10-1 
i (amp.cm- 1 ) 
Figure 1. Tafel curves for the anodic oxidation of 
acetylene on Pt ( 0 , pH = 0. 3; D.. , 1. 2; D , 8. 7; \1 , 
11.9; <> '12.6).1 
42 Kcal for basic and acidic solutions, respectively. 
Partial pressure studies were made in l N NaOH and 
l N H2so 4 . A negative pressure effect, 3i/3P<O, was ob-
served. A Langmuir adsorption isotherm, 8/(l-8) 4 = K P, p 
was found to correlate the data. Acetylene was assumed 
to adsorb by a breaking of one of the triple bonds to give 
an ethylenic structure bonded to the metal surface. Since 
each Pt atom can accommodate only 0.5 electrons, a four-
site attachment was assumed for each molecule. 
estimated theoretically to be 10 4-10 6 . 




+ OH(ads) + H + e 
OH(ads) + e 
+ 2 C0 2 + 9 H + 9 e 
Assuming a quasi-equilibrium of reaction 2.3 
The K was p 
( 2. l) 
( 2 • 2) 
( 2. 3) 
( 2. 4) 
( 2 • 5) 
With the further assumption that the acetylene coverage 
is high in comparison with all other adsorbed species, 
then 8t = SA, and the rate of oxidation can be expressed 
as 
( 2. 6) 
4 
5 
The negative pressure effect indicated that the r.d.s. 
must include some species in addition to adsorbed acetylene 
and is due to a competition for adsorption sites on the 
surface between acetylene and some intermediate species 
which was assumed to be the OH radical. 
Using the current-partial pressure data, K values p 
were determined by a curve fitting technique. In l N 
The change of current 
with partial pressure in l N NaOH was 2-3 times greater 
than predicted. Variation of the K values considerably p 
outside the calculated limits did not eliminate the dis-
crepancy. This suggested a different type of isotherm in 
which fewer sites were occupied by each adsorbed acetylene 
molecule. 
The standard reversible potential of the c 2 H2;co2 
couple was calculated from thermodynamic data. Taking the 
solubility of co2 and the pH of the electrolyte into 
account gave E 80 o = -0.11 v and -0.97 v for 1 N H2 so 4 and 
l N NaOH, respectively. The exchange currents obtained 
-18 -18 -2 by extrapolation were 4.5 x 10 and 6.6 x 10 amp·cm 
(geometrical), respectively. 
The origin of the rest potential was considered. It 
was linearly dependent on pil, i.e., ClV/ClpH = 70 mv, 
independent of the partial pressure of acetylene (differing 
little from the N2 saturated solution rest potential), and 
independent of purification and stirring of the solution. 
Several possible explanations were mentioned, the most 
likely was it being due to the equilibrium: 
= 
+ OH(ads) + H + e ( 2 • 7) 
Carbon dioxide efficiency studies in 1 N H2so 4 and 
1 N NaOH gave efficiencies of 100~1 and gs±s percent, re-
spectively. Analyses of anolytes and effluent gases indi-
cated no organic by-products. 
A summary of the data is shown in Table I. 
B. Anodic Oxidation of Acetylene on Gold 
Johnson, Reed, and James 2 studied the oxidation of 
acetylene on gold. Current-potential relations were de-
termined over a pH range of 0.35 and 12.5 at 80°C. Linear 
Tafel regions were found which were 300 to 400 mv more 
anodic than the rest potentials. The Tafel slopes were 
140 mv (see Figure 2) in all solutions, and a transition 
region (discontinuity) was observed at about pii 6. The 
discontinuity shifted to more anodic potentials as the 
pH was decreased. No upper current limit was found as 
passivation below oxygen evolution did not occur. 
The pH effect was found to be approximately zero ln 
strong acids, but increased with pH, becoming unity in 
basic solutions. The effect of temperature was deter-
mined for 1 N H2so 4 and 1 N NaOH solutions; 3Ea/3V was 
-11.9 and -12.0 Kcal/volc, respectively. 'I'he activation 
energy at the reversible potential (chemical activation 
6 
energy) could not be calculated as varied reaction products 
7 
TABLE I 
SUMMARY OF THE EXPERIHEN'rAL PARl\.METERS 
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i, amp·cm2 
Figure 2. Tafel curves for the anodic oxidation of 
acetylene on Au ( 0 1 pH= 0.35; L,. 1 1.45; D 1 6.0; e 1 
8.6;. I 11.6;. I 12.5) (Potentials vs. SHE= 0 at 80°C)~ 
9 
prevented an exact specification of the overall reaction 
which is necessary in calculating the reversible potential. 
The partial pressure studies were also made in 1 N 
The pressure effect (3i/3P) was 
negative in acid solutions. In 1 N UaOH below the transi-
tion region (btr), the effect was negative between 0.1 and 
1.0 atm, but became positive at lower pressures. Above 
the transition region (atr) in 1 N NaOH, the effect was 
positive between 0.1 and 1.0 atm, and reached a relatively 
constant value at lower pressures. The Langmuir isotherm 
n 
was used in correlating the pressure data,SA/(1-SA) 
= KpPA. Values for n of two or more were assumed because 
for Au with no vacant d-orbitals, the simplest adsorption 
model for acetylene would be an ethylenic group bonded to 
two metal atoms. However, from geometrical considerations, 
the size of the acetylene molecule is greater than the 
.tvl-M spacing, thus adsorption may involve more than two Au 
atoms, i.e., n>2. 
The mechanism proposed for the reaction below the 
transition region was 
( 2 • 8) 
rds + 
H 2 o ->- OH (ads) + H + e ( 2 • 9 ) 
and/or 
- rds OH ->- Oll(ads) + e (2.10) 
10 
+ 
··· ~ co2 + H +electrons+ resin (2.11) 
nF(k2.9aH20 + k2.10aOH-) (l-8A) exp(SFV/RT) 
(2.12) 
Both H2o and OH were assumed to undergo discharge with 
H2o discharge being the predominant reaction below pH 6 and 
OH discharge occurring at higher pH's. It was further 
assumed that the coverage of OH radicals was very low so 





_ rds (2.15) 
(2.16) 
Using a curve fitting technique, values of n and K p 
were obtained for the Langmuir isotherm model. Below 
the transition region in acidic solutions, n = 4 and 
K = 10 4 were calculated, while ln basic solutions above 
p 
the transition region, n = 8 and K = 2.5. Values of p 
n = 4 and K = 3.5 also correlated the data ln the latter 
p 
case, but not as well. These values indicated a high 
ll 
acetylene coverage in acid (0.7<8<0.9) and a low coverage 
in base (0.1<8<0.25). 
Efficiency studies ln l N H2so 4 and l N NaOH indicated 
conversions to co 2 of 60+5 and 80+10 percent, respectively. 
Considerable polymer formed in acid, but there was no 
evidence of aldehydes, ketones, or other similar species. 
Lesser amounts of polymer were formed in base in which the 
polymer was somewhat soluble. A structure for the polymer 









An explanation proposed for the considerable polymer forma-
tion was that acetylene desorbed before complete oxidation 
in the form of a radical which further reacted with other 
acetylene molecules. This was justified by showing with 
Pauling 1 s equation that the Au-C bond strength was 45 Kcal 
less than the Pt-C bond. 
The rest potentials varied only slightly with pH in 
acidic solutions, cV /cpH, but the variation increased 
rp 
approaching 140 mv in basic solutions. The rest potentials 
were independent of acetylene partial pressure, similar to 
Pt. These data have also been summarized in Table I. 
C. Electrocatalysis 
An electrocatalyst is a material that assists a 
chemical reaction in which one or more electrons are 
12 
transferred. The electrocatalytic phenomena have been 
studied for a number of years, but most reported works are 
of a qualitative nature. Electrocatalysis is complex due 
to the large number of variables that may :::.~lange from sub-
strate to substrate--surface areas, double layer potentials, 
reactant concentrations, etc. This section will be con-
cerned with the fundamental kinetic principles of electro-
catalysis, such as potential drop across the double-layer, 
relation of surface concentration to LH d , relation of 
a s 
LH d. to bulk metal properties, chemical bonding effect on 
a s 
LG 0 #, and surface area. 
Parsons 3 studied the effect of electrode material on 
a two-step reaction with an adsorbed intermediate. As the 
concentration of the intermediate is potential-dependent, 
it is, in general, difficult to choose a comparison state 
at which the intermediate is present under the same stand-
ard conditions on different electrodes. The intermediates 
are uncharged in most electrode reactions so that their 
chemical potentials areindependent of the nature of the 
electrode at the Standard Reversible Potential. Hence, a 
comparison of rates should be made at the equilibrium 
potential or at equal overpotentials, rather than at equal 
rational potentials (a potential scale based on the poten-
tial of zero charge). 
Considering a simple example: 
+ e = B(ads) (2.18) 
13 
B(ads) + e = C (2.19) 
At the equilibrium potential, these reactions are in 
equilibrium so that 
+ -A + C = 2 B (2.20) 
lS also in equilibrium. At the standard reversible po-
tential, cps 
-
llA+ + llc- = 2 llB (2.21) 
0 
e¢s 0 e¢s (2.22) llA+ + + llc- - = 2 llB 
0 0 
llB = 1/2(\lA+ + llc-) (2.23) 
The surface concentration of B will depend on the nature 
of the electrode surface since it is affected by the 
standard chemical potential, ll~· 
Writing rate equations for reactions 2.18 and 2.20: 
il = k (A+) ( 1-8) exp (-Bne/kT) 1 (2. 24) 
l = k 
-le exp ( ( 1- B) n e/krl') 
-1 
(2.25) 
i2 = k28 exp (- B n e/krl') (2.26) 
(C - ) ( 1- G) (1-B)ne/kT) l = k exp 
-2 -2 
(2. 27) 




It can be seen that the exchange current is controlled by 
the smaller of the rate constants. The ratio k 1 /k_ 1 is an 
equilibrium constant whose value affects the exchange cur-
rent causing it to pass through a maximum at k 1 (A+)/k_ 1 
= l (or 8 = l/2). Plots of i
0 
vs. k 1 /k_ 1 or some related 
function are referred to as 'volcano' curves. The magni-
tude of the constant k 1/k_ 1 depends primarily on the sur-
face properties of the metal which is expressed thr·.:. ugh 
0 
wB. Though this relation has been demonstrated for Lang-
muir adsorption, the general form is also expected for 
Temkin adsorption, except that the maximum of the 'volcano' 
will be flattened. This same analysis will hold if re-
action 2.21 is the step controlling the exchange current. 
Parsons 4 examined the relation between the exchange 
current for the hydrogen evolution reaction and the ability 
of the electrode to adsorb atomic hydrogen. He assumed 
there were three reactions which participate in the forma-
tion of molecular hydrogen: 
(l) Discharge reaction 
H+ + e = H(ads) 
(2) Ion + atom reaction 




(3) Combination Reaction 
2 H(ads) = H2 (ads) (2. 31) 
With the further assumption of Langmuir adsorption condi-
tions: 
2 
[8/(1-8)] = P ... _T exp 
h2 
0 
(-6G /kT) (2. 32) 
The forward and reverse rates of the first discharge re-
action are 
0 
v1 = (kT/h)aH+ (1-8) exp -(6gi + S¢e)/kT (2.33) 
0 
v_ 1 = (kT/h) 8 exp -(6g_ 1 -(l-S)¢e)/kT) (2. 34) 
where ¢ is the inner potential difference between the metal 
0 0 
and solution, and 6g1 and 6g_ 1 are the standard free 
energies of activation for the forward and reverse reac-
tions when¢= 0. At equilibrium from 2.33 and 2.34, the 
exchange current is expressed as 
(2.35) 
where e# is the coverage at equilibrium. The quantity 
0 0 (l-S)6g1 + S6g_ 1 is the free energy of activation at the 
reversible potential and is experimentally accessible. It 
is independent of both the electrode potential ¢ and the 
free energy of adsorption of atomic hydrogen, 6G. 
16 




G1 = (ekT/h) exp - ( (2.37) 
The effect of ~G 0 /2kT on the exchange current is to cause a 
maximum (Figure 3a). When 6G 0 /2kT>>l (weak adsorp-:_·ion of H), 
i increases with a decrease of ~G0 ; when ~G 0 /2kT<<-l 
0 
(strong adsorption), i decreases with a decrease of 6G 0 • 
0 
The ion + atom reaction and the recombination reaction 
can be handled in the same manner as the discharge reaction 
and give similar results. 
A similar analysis was also carried out using Temkin 
adsorption conditions. The plot of free energy against 
log i gave results similar to those for Langrr".'ir condi-
o 
tions, except that the maximum becomes ,J. horizontal region 
(Figure 3b) . 
These analyses indicate that the activity of a metal 
catalyst is related to the free energy of adsorption or 
the concentration of ads0rbed species. The general form 
of the relation is as follows: metals such as Hg, Pb, and 
Cd which adsorb u2 weakly (6G 0 positive) have low values of 
l 
0 
(~lo- 12 amp·cm- 2 ); metals such as Pt which adsorb H2 
moderately well have very high values of -3 -2 l (~10 amp·cm ), 
0 
0 
Figure 3a. Exchange current versus free energy of 
adsorption under Langmuir conditions. 4 
0 
Figure 3b. Exchange current versus free energy of 
adsorption under Temkin conditions. 4 
17 
and metals such as Mo, Ta, and W which adsorb H2 strongly 
(~Go negative) have lower values of i (~lo- 6 amp·cm- 2 ). 
0 
18 
Bockris and Conway 5 examined hydrogen evolution kinet-
ics as related to the electronic and adsorptive properties 
of metals. The catalytic properties had been examined pre-
viously and related to such physical properties of metals 
as the work function (¢), heat of sublimation (L ) , and 
s 
the percent of d character. A more fundamental relation-
ship between the heat of hydrogen adsorption and the 
various physical properties of the metals was shown. 
There are three quantities by which the metal-hydrogen 
interaction energy can be represented: D~U' the spectro-
scopic dissociation energy; DMH' the energy calculated 
from Pauling's equation; and the experimentally determin-
able, Mlads H. D[1H and DHH are nearly equal, and closely 
follow ~Hads H" Pauling's equation is 
(2. 38) 
where D is the bond dissociation energy of two metal HM 
atoms, D the dissociation energy of H2 , and the X is the HH 
electronegativity of the species. Pritchard and Skinner 
and Gordy and Thomas were quoted as references for the 
empirical relationships (for most metals except Hg) 
XM = (0.40 + 0.07)¢ 
L 
s 
(74.1 + 1.6)¢ 
0.3 + 0.05 






where n is the coordination number of the metal atoms in 
the lattice. Equation 2.41 gives 
= (74.1 + 1.6)¢ -
(~)n 
(242 + 3) (2.42) 
which relates L and the work function to the heat of ad-
s 
sorption of hydrogen through the Pauling equation. 
The percent d-character has also been related to the 
heat of adsorption. Metals having more unpaired electrons 
19 
ln the d-band have less percent d-character or more 'holes' 
ln the d-band. Because of vacant orbitals in the d-band, 
metals interact strongly with electron donating species. 
The less the percent d-character of the metal, the greater 
the tendency to adsorb H or other electron donating species. 
It has been noted experimentally that the work func-
tion (¢) increases with increasing percent d-character. 
Therefore, it follows that 6Hads H decreases as cp in-
creases. This suggests a relation between the hydrogen 
evolution rate and d-character due its relation to 6H d "J a s 11 
(see Figures 4 and 5). 
Bockris, Damjanovic, and Mannan 6 reviewed some of the 
aspects of the electrocatalysis of H2 evolution and dis-
solution reactions on a number of substrates chosen to 
elucidate the effects of internuclear distances, surface 
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Figure 4. Exchange current for the hydrogen electrode 
reaction as a function of the heat of adsorption. 5 
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Figure 5. Exchange current for the hydrogen electrode 
5 
reaction as a function of percent d-character. 
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The effect of surface areas on the reaction rate 
(h.e.r.) is relatively minor. Rate constants can vary for 
the hydrogen electrode reaction by 10 10 whereas geometric 
factors cause variations of less than 10 1 . 
The main electrocatalytic factors are associated with 
the energy of bonding to the electrode of the radicals in 
the initial and final states of the r.d.s. The direction 
of these effects upon the reaction rate must be evaluated 
for each r.d.s. In earlier works, the variation in the 
h.e.r. on various substrates was related to atomic numbers, 
heat of sublimation, ionization potential, etc., but all 
these secondary factors could be reduced to the variation 
of the bond strength between the adsorbed radical and the 
substrate. 
It was initially thought that the thermionic work 
function should not influence the rate of reaction due to 
a cancellation of the terms in the electrochemical circuit 
where average values are used. However, Bockris, et. 6 al., 
was able to show that surface defect effects arise by 
means of local work function changes which are associated 
with the corresponding M-H changes. 
In an examination of the effects of internuclear 
distances, Pd-Ni and Pt-Ni alloys were chosen because a 
large change in internuclear distances exists between the 
end members. An effect on the reaction rate might be ex-
pected if an atomic combination step (h.e.r.) was rate con-
trolling, but since atomic combination is not the r.d.s., 




The experimental investigation consisted of current-
potential, current-temperature, current-partial pressure, 
and coulombic efficiency studies. The materials and 
apparatus, procedures, results, and sample calculations 
for each of these studies will be presented in this 
chapter. 
A. Materials and Apparatus 
A complete list of materials and apparatus used in 
the investigation is presented in Appendices B and C. 
B. Electrodes 
1. Anodes. Anodes of Au and Pt were used. The Au 
anode consisted of a foil sheet whose area was 15 2 ern 
(3.45 ern wide and 4.37 ern high). A Au wire lead was 
fastened to it through a small hole near the top. The 
wire was sealed through a 4 mm pyrex tube. 
The Pt anode consisted of a 52-mesh wire-gauze 




folded on a Pt wire frame for support. The electrode was 
platinized using a platinum chloride solution to which a 
trace of lead acetate had been added. The Pt was 
*The total surface area was 20 cm2 but the factor ~ was 
used so as to be compatible with solid metal electrodes. 
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deposited at a low current density (lo-3 amp·cm-2). The 
Pt lead was sealed through a 4 rnrn pyrex tube. 
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2. Cathode. The cathode was a piece of platinized-
Pt wire gauze similar to the anode described above with the 
same geometric area. 
3. Reference. The reference electrode was a 1.0 N 
KCl calomel electrode at room temperature. 
C. Current-Potential Studies 
1. Apparatus. A diagram of the cell and associated 
electronic equipment is shown in Figure 6. The pyrex cell 
consisted of anodic and cathodic compartments (each 300 ml) 
separated by a glass-frit or a water-sealed stopcock. A 
Luggin capillary from the anode compartment was connected 
to the external calomel reference electrode through a 
small water-sealed stopcock. The reference electrode was 
always at room temperature and was separated from the 
anolyte by a salt-bridge whose composition was the same as 
the anolyte. Both the anode and cathode compartments had 
provisions for the inlet and outlet of gases. The outlet 
was through a water-sealed bubbler. The anolyte was heated 
by an electric heating tape wrapped around the anode com-
partment. The temperature variation of the anolyte was 
+0.4 C0 • Stirring was accomplished with a teflon-coated 
magnetic stirring bar propelled by an air-driven stirring 
motor beneath the anode compartment. Gaseous 1-pentyne 
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Figure 6. Diagram of the apparatus used for the 
potentiostatic studies in the anodic oxidation of 1-pentyne. 
passed through a saturator containing liquid 1-pentyne. 
The liquid was kept in a constant temperature bath (23°C) 
to maintain a constant vapor pressure of 0.5 atm. 7 A 
dual-flow gas proportioner was used to adjust the flow-
rates. The 1-pentyne and cell solutions were only in con-
tact with glass or teflon. 
A potentiostat was used to maintain a constant po-
tential difference between the anode and reference elec-
trodes. Both the current and potential were recorded. 
2. Procedure. The anodes were activated before 
starting each experiment. The Pt electr0'e was placed 
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in the same type of solution that was to be used in the cell 
along with a small Pt gauze counter-electrode. A power 
supply was connected to the electrodes through a double-
pole double-throw switch to permit polarity changes. The 
electrode was alternately made cathodic (H 2 evolution) and 
anodic (02 evolution) with a current of 4 amperes for one 
minute (pulses of 10 seconds). The pulsing was stopped 
when the electrode being activated was cathodic and 
hydrogen evolved for one minute. After activation, the 
working electrode was immediately removed, rinsed with 
conductivity water, and placed into the cell which had 
been charged with the electrolyte. 
The activation of the Au electrode was similar to 
the above procedure except that the counter electrode was 
Au, and the anodic and cathodic pulses were continued for 
two minutes followed by two minutes of hydrogen evolution 
at a current of 2 amperes. 
After placing the anode 1n the cell, it was adjusted 
so that its lower edge contacted the tip of the Luggin 
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capillary. The nitrogen purge was started and the cell was 
brought up to the operating temperature (70°C). The po-
tential was recorded and when it became constant (nitrogen 
rest potential), nitrogen saturated with 1-pentyne gas was 
introduced at a flow rate of 10 ml/min. After the poten-
tial again became constant (1-pentyne rest potential) , the 
potentiostate was used to apply a constant potential to 
the anode (approximately 200 to 400 mv more anodic than 
the 1-pentyne rest potential). The current was recorded 
and after reaching a steady state, the potential was in-
creased by 20 to 50 mv. The potential was incremented in 
this manner until passivation or oxygen evolution. 
3. Data and results. Current-potential studies were 
made on Pt in solutions with pH's of 0.35, 1.1, 1.8, 2.6, 
11.1, 11.7, 12.2, and 12.7. Similar studies could be 
carried out on Au only at pH's of 11.7, 12.2, and 12.7. 
The normalities of the solutions were kept constant at 
The data have 
been tabulated in Tables III through XIII, and Tafel plots 
are shown in Figures 7 and 8. The Tafel slopes for both 
Pt and Au electrodes are 65-75 mv with linear regions over 
about 1~ decades of current. 
Polymer formation on Pt was evidenced by solution 
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Figure 7. Tafel curves for the anodic oxi~ation of 
1-pentyne on Pt at 70°C (P = 0.5 atm). p ~ • r pH = 0 . 3 5 ; 
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Figure 8. Tafel curves for the anodic oxidation of 
1-pentyne on Au at 70°C 
0 1 12 • 2 i ~ 1 12 • 7) 
(P = 0.5 atm). p ( 0 I pH = ll. 7; 
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Steady states were slowly attained in 1 N H2so 4 but were 
attained more rapidly as the pH increased. Polymer forma-
tion decreased as the pH increased with no polymer being 
observed in basic solutions. 
The Au electrode could not be used in acid solutions 
or in basic solutions with pH= 10.9 (corresponding to 
There was no visual evidence of 
polymer in the solutions but the electrode surface became 
coated with a film that was not wetted by the electrolyte. 
The steady state was defined as one where the value 
of the current changed less than ten percent per hour. 
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The time for current to meet this criterion varied from 
fifteen minutes to several hours depending on the potential 
and pH. 
D. Current-Temperature Studies 
1. Apparatus. The apparatus was the same as that 
employed in the previous studies. 
2. Procedure. The cell and working electrode were 
prepared as described in the previous section. Experi-
ments were carried out in 1 N H2so 4 and 1 N KOH with the 
1-pentyne partial pressure and flow rate held constant at 
0.5 atm and 10 ml/min, respectively. The potential was 
held constant at a value within the linear Tafel region and 
a steady state was obtained at 70°C. The temperature was 
then lowered by 5 C0 increments until it reached 55°C. The 
temperature controller was allowed to 'cycle' once at each 
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temperature before proceeding to the next lower temperature. 
The 'cycle' was +0.4 C0 of the set temperature, and the 
current was taken as that read at the midpoint of the 
cycle. This procedure was repeated at two or more poten-
tials within the linear Tafel region. 
3. Data and results. The experimental data have been 
tabulated in Tables XIV to XVI and Arrhenius plots are 
shown in Figures 9 and 10. The slopes of the lines were 
determined and the apparent activation energies calculated. 
These values together with the change in activation 
energy with respect to potential are shown in Table XVII. 
E. Current-Partial Pressure Studies 
l. Apparatus. The same apparatus was used as de-
scribed previously. 
2. Procedure. The cell preparation and electrode 
activation were the same as described previo<:sly. A po-
tential was selected in the linear portion of the Tafel 
region and a steady-state current obtained at an initial 
partial pressure of 0.01 atm. The partial pressure was 
then varied in the following manner: 0. 01, 0. 03, 0. 06' 
0.1, 0.3, and 0.5 atm. The partial pressures were ob-
tained by diluting the nitrogen saturated 1-pentyne vapor 
with pure nitrogen using a dual-flow proportioner. The 
studies were made at two different potentials in K2so 4 -
H2 so 4 and 1 N KOH on Pt and 1 N KOH on Au. About 30 to 
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Figure 10 . Current-temperature relation for the 
anodic oxidation of 1-pentyne on Au (P = 0.5 atm) in p 
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established after a change in the partial pressure, de-
pending on the flow rate of gas into the cell (varied from 
10 to 70 ml/min) . The flow of nitrogen saturated 1-pentyne 
gas was held constant and the dilution made by changing the 
flow rate of the pure nitrogen. 
3. Data and results. The data have been listed ln 
Tables XVIII and XX and plotted in Figures 11 and 12. A 
negative pressure effect, i.e., decreasing current with 
increasing pressure, was exhibited on both Au and Pt 
electrodes. 
F. Coulombic Efficiency Studies 
1. Apparatus. A sketch of the apparatus is shown in 
Figure 13. This study was carried out galvanostatically. 
To keep the current constant, a large resistor was placed 
in series with the cell and connected to a high voltage 
power supply. The gases emerging from the anode compart-
ment were passed through 98 percent sulfuric acid to 
remove water and soluble organic materials. A U-tube of 
Ascarite was connected to the trap to collect the co 2 . 
2. Procedure. The cell and electrode were pre-
pared in the previously described manner. Efficiency 
studies were made in 1 N H2so 4 and 1 N KOH for Pt and 
1 N KOH for Au. With the acid solutions, the co 2 was not 
absorbed and was carried continuously from the anolyte and 
trapped in the Ascarite. Thus, the weight-gain of the 
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Figure 11. Current-partial pressure relation for 
the anodic oxidation of 1-pentyne on Pt at 70°C. (V,SEE 
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Figure 12. Current-partial pressure relation for 
t112 anodic oxidation of 1-pentyne on Au at 70°C in 















































Fi•jUrc 13. Diagram of the apparatus used ln the 




is soluble in 1 N KOH, this anolyte was acidified and nitro-
gen used to carry the co2 into the Ascarite at the end of 
an experiment. The basic electrolytes also contained small 
amounts of co2 from the solid KOH and contact with the 
atmosphere during preparation. To correct for this, a 
blank was run on a volume identical to that of the anolyte, 
and the co 2 was collected in Ascarite as previously de-
scribed. A typical experiment involved 8-12 hours of 
electrolysis to collect a sufficient quantity of co2 for 
analysis (~20 mg of co2 ). 
3. Data and results. The data have been summarized 
in Table XXI. There were no significant differences be-
tween the efficiencies with Pt in acid at high or low 
partial pressures or with Au in base. No efficiency 
study was made with Pt in base at low partial pressures. 
4. By-product analyses. The gaseous by-products 
from the anode reaction were collected in a liquid nitro-
gen trap. Gas chromatographic analyses were made on both 
the condensate in the trap and on the anolyte. The re-
sults are summarized in Table XXII. No analysis was made 
of the polymer due to the small quantity that could be 
collected. 
5. Sample calculations. The efficiency calculations 
were based on the following reaction: 
c 5H8 + 10 H20 ~ 5 C0 2 + 28 H+ + 28 e ( 3. 1) 




(It) (3600) (5) (44) 
(96,500) (28) 
w = weight of co2 , gm 
I current, amperes 
t = time, hours 
40 
( 3. 2) 
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IV. DISCUSSION 
The discussion is presented in four sections: summary 
of the experimental results, postulation of the reaction 
mechanism, correlation of experimental results with the 
theoretical rate equations, and recommendations for future 
research. 
A. Summary of the Experimental Results 
1. Current-potential studies. Tafel slopes for the 
oxidation of 1-pentyne on Pt in acid and base and on Au ln 
base were found to be approximately 68 mv. This slope 
generally indicates the rate determining step to be a 
chemical reaction which follows the first electron trans-
fer. Exchange currents could not be calculated due to the 
indeterminate nature of the overall reaction which pre-
eluded evaluation of the reversible potentials. The pH 
effect, 8log i/8pH, with Pt was unity in basic solutions 
and approached unity at higher pH's in acidic solutions. 
The pii effect with Au in basic solutions was two. 
2. Temperature studies. The apparent activation 
energies in the Tafel region with Pt varied from 18-21 
Kcal in acid and 20-22 Kcal in base. On Au in base, it 
varied from 20-23 Kcal. Values of 8E /8V correspond to a 
-F Kcal/volt for both Au and Pt consistent with the Tafel 
slopes. The chemical activation energy (activation 
energy at the reversible potential) could not be evaluated 
again due to an inability to calculate the reversible po-
tentials. 
3. Partial pressure studies. The partial pressure 
studies showed an inverse current-pressure relationship 
(C3i/C3P<O) 
4 . 
for both Pt and Au electrodes. 
Efficiency studies. The efficiencies for co 2 
production with Pt in acid and base were about 74 and 69 
percent, respectively. On Au, the efficiency in base was 
about 43 percent. Efficiency studies were also carried 
out on Pt in acid and Au in base at reduced partial pres-
sures, but no significant changes were noted. 
5. By-product analyses. Ethanol and 1-propanol were 
identified as by-products of the oxidation reaction on Au. 
On Pt, some formaldehyde was produced in acid electrolytes 
and ethanol in basic electrolytes. No analysis was per-
formed on the polymer collected. The gas chromatograms 
also showed traces of several other compounds but their 
concentrations were so low that identification was im-
possible. 
B. Postulation of a Reaction Mechanism 
1. Adsorption of 1-pentyne. The mechanism for the 
adsorption of 1-pentyne might be expected to be similar to 
that of acetylene since they both have the same alkyne 
functional group. The propyl functional group of 1-
pentyne will decrease its solubility in aqueous solutions 
and cause an increased tendency to congregate at the 
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electrode-electrolyte interface. 8 There is also a possi-
bility that the physical bulk of the propyl group on the 
surface will shield adjacent sites and given an n-value 
(number of sites covered or blocked) larger than expected 
at high coverages. 
The mode of acetylene adsorption on Pt has been 
1 
suggested as 
HC = CH 
I I 
2N 2M 
( 4. 1) 
Evidence from gas phase adsorption suggests that it forms 
an immobile layer by means of covalent bonds with the 
d-band vacancies in Pt. Since one Pt atom on the average 
has only 0.5 vacancies, each molecule of acetylene would 
require 4 Pt atoms (or 4 adjacent sites) for adsorption. 
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The adsorption equilibrium constant, K , has been estimated p 
to be 10 4 10 6 atm-l for the Langmuir-type isotherm of 
the form 
= K p p A 
( 4 • 2) 
Gold does not ordinarily have d-orbital vacancies 
and yet acetylene is able to adsorb from the gas phase 
with heats of adsorption indicating chemical adsorption. 
This is explained as due to the energy for d-s promotion 
being uniquely small (3.25 ev) so that d-band vacancies 
. 1 b d" 9 can form to permlt cova ent on lng. The most probable 
attachment of acetylene to Au is: 
2M + c2 H 2 (sol) -+ H~ = 
M 
( 4. 3) 
Since the number of sites could not be predicted from the 
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number of unpaired electrons in the d-orbitals, geometrical 
. d . 2 consl eratlons were used. A comparison of an acetylene 
molecule with the Au atoms in a metallic lattice indicated 
that one acetylene molecule would cover or block two or 
more Au atoms. Therefore, the isotherm was tak~n as 
( 4 • 4) 
where n can equal 2 or more. 
2. Reaction mechanism. The rate determining step on 
Pt must have the following characteristics: ( l) be a 
chemical reaction following the first electron transfer 
since the 'l'afel slope is 2.31{T/F, (2) involve some adsorbed 
species other than or in addition to 1-pentyne since 
3i/3P<O, and (3) exhibit a pH effect which varies from 
approximately zero in acid electrolytes to one in base. 
The rate determining step on Au must have these same 
characteristics except for the pH effect which is two in 
basic electrolytes. 
A reaction path similar to the one formulated for the 
l 
oxidation of acetylene on Pt appears applicable for 
1-pentyne: 
= ( 4. 5) 
= OH(ads) + H+ + e ( 4. 6) 
and/or, 
OH (sol) OH(ads) + e ( 4. 7) 
rds 
-+ products ( 4. 8) 
For quasi-equilibrium of reactions 4.6 or 4.7 
( 4. 9) 
where K4 
4.7, and 
represents either K4 _6 aH 2
0 for 4.6 or K4 _7Kw for 
K is the ionization constant of water. 
w 
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Since the coverage of OH radicals is low and all other 
species after the r.d.s. can be assumed to be rapidly re-
moved, the total coverage is Ot ~ 8 I p 
( 0 ) ( 1- 8 ) e xp ( FV I RT) p p 
and 
(4.10) 
The mechanism for the oxidation of 1-pentyne on Au 
has no analogue in the literature. It is felt that most 
catalytic reactions on the various metals follow similar 
reaction sequences, differing only in the particular reac-
tion which is the r.d.s. A satisfactory reaction sequence 
on Au is one which follows the mechanism proposed for the 
oxidation of 1-pentyne on Pt but involves a different 
r.d.s. A sequence which satisfies all the requirements is 
= 




From the quasi-equilibrium of equations 4.6 and 4.11 
If it can again be assumed that 8t = 
exp (FV/RT) 
8 I p 
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( 4. 5) 






These rate equations will now be tested for their ability 
to correlate the experimental data. 
C. Correlation of Experimental Results with Theoretical 
Rate Equations 
The ability of the derived rate expressions to cor-
relate the experimental data is shown in this section. The 
success of this lends support to the validity of the pro-
posed mechanisms. 
1. Current-potential relationships. Taking the 
logarithm of both sides of equation 4.10 gives 
47 
log 1 
+ 1 og e ( 1- e ) + FV I ( 2. 3RT) ( 4 . 16) p p 
The partial derivative of V with respect to log 1 from 
equation 4.16 gives the Tafel slope 
3V/3log 1 2. 3R'I'/F 68 mv at 70°C (4.17) 
A similar treatment for equation 4.15 gives the same re-
sults. The theoretical values compare well with the 
experimental values of 65-75 mv slopes. 
2. Current-pH relationships. The partial derivative 
of log i with respect to pH from equation 4.16 gives 
3log i/3pH = (4.18) 
In acid electrolytes, the pH effect will be less than one 
but will approach unity in basic electrolytes when K4 _6 a 820 
<<K 4 _7a 0 H_ . Applying the same techniques to equation 
4.15 gives a value of two for the Au electrode. These 
agree well with the experimental relationships between cur-
rent density and pH which are shown in Figures 14 and 15. 
The data were obtained by extrapolating the linear Tafel 
regions in Figures 7 and 8 to a potential of 0.310 v(SHE). 
This potential was selected because it was midway in the 
potential region for the reaction on Pt in acid and base. 
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Figure 14. curn~nt - pH relation for ti1e anodic 
oxidation of 1-pentyne on Pt at 70°C (P = 0. 5 atm) p at 


















Figure 15. Current - pH relation for the anodic 
oxidation of 1-pentyne on Au at 70°C 
0.31 V(SHE). 
(P = 0.5 atm) at p 
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effect on Pt was less than unity in acid and unity in base. 
3. Temperature studies. For the oxidation of 1-
pentyne on Pt, the predicted variation of the apparent ac-
tivation energy with potential can be found from equation 
4.10. The term k 4 _8 is equivalent to the chemical rate 
constant in the Arrhenius expression, which is expressed as 
A exp(-E' /In). 
a Substituting for k 4 _8 and taking the 
derivative of the logarithm of equation 4.10 with respect 
to 1/T, one obtains 
8log i/8(1/7) = -E'/2.3R + FV/2.3R 
a 
= -E /2.3R 
a 
(4.20) 
Using this expression, the variation of the apparent acti-
vation energy with potential is found to be 
8E /8V = -F = -23 Kcal/volt 
a 
(4. 21) 
A similar treatment for equation 4.15 for Au gives the 
same result. rl'he experimental values are 2 7-30 Kcal/vol t 
for acid and 22 Kcal/volt in base for Pt and 22 Kcal/volt 
for Au in base (see Table XVII). 
4. Partial-pressure studies. A negative pressure 
effect was observed on both Pt and Au in all solutions. 
'l'he proposed mechanisms on both metals indicate that the 
rate is proportional to 8 (1-0 ) . As the pressure in-p p 
creases, 0 also increases, but the term 0 (l-0 ) goes p p p 
through a maximum at 8 = 0.5 and then decreases. p There-
fore, in order for a negative pressure effect to arise, 
8 >L p-'2. The negative pressure effect indicates the presence 
of some reacting species in the r.d.s. other than the 
hydrocarbon or a species derived therefrom. There is a 
competition between 1-pentyne and this other species 
(proposed to be the OH radical) for adsorption sites. 
For equation 4.10 which represents the reaction on 
Pt in acid and base, values of n = 3, K = 10 5-10 6 atm- 1 
p 
give good agreement with the experimental data for acid 
3 4 -1 
electrolytes, and n = 4, K = 10 -10 atm for the data p 
in base (see Figure 11) . The data points in the figures 
represent the experimental data and the smooth curve 
(black solid line) represents the plot of the isotherm 
for the n and K values. p Values of n = 4, K = 10
6 give p 
somewhat poorer agreement for the reaction on Pt (dotted 
lines, Figure 11). 
For equation 4.15 which represents the oxidation 
r~action on Au ln base, 
good agreement with the 
n = 2 K = 10 4-10 5 atm-l give 
I p 
experimental data (see Figure 12) . 
Contrasting the adsorption behavior of 1-pentyne with 
1 
acetylene, values reported for acetylene on Pt in acid 
were K p 
-1 
atm , n = 4. Values for acetylene on Pt in 
base were not reported. 
-1 
atrn , n = 4 in acid and 
On Au, the values were K = 10 4 p 
K = 2.5 atrn- 1 , n = 8 in base. 2 p 
The 1-pentyne coverages are high on Pt, 0.95-0.99 in acid 
and 0.71-0.88 in base, indicating that Langmuir adsorption 
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conditions can be applied with reasonable confidence. The 
data for acetylene on Au indicated a low coverage in base 
while the data for 1-pentyne shows a high coverage, 0.90-
0. 9 8. 
As mentioned earlier, a possible explanation for the 
higher coverages of 1-pentyne is due to the nonpolar 
hydrocarbon portion of the molecule. This makes the 
molecule less soluble than acetylene (acetylene is also 
more acidic), thus forcing it out of solution and making 
its concentration higher at the electrode-electrolyte 
interface. 
5. Reaction products. Organic by-products were found 
with both Pt and Au electrodes. This probably indicates 
desorption of intermediates before the oxidation to co 2 
was completed. 10 Dahms, et. al., have shown that the 
bond strength of the Au-C bond is weaker than that of a 
Pt-e bond (see section on comparison of the electrocatalytic 
activity). Hence, with Au, one might expect products with 
a lower state of total oxidation as indicated by its lower 
CO efficiencies. 2 
Ethanol and !-propanol were found as by-products from 
the reaction on Au in base while the oxidation of Pt pro-
duced ethanol in base and formaldehyde in acid. Although 
it is not possible to draw definite mechanistic conclusions 
from the products, it seems that the saturated hydrocarbon 
portion of the 1-pentyne molecule lS the more difficult to 
oxidize and that oxidation begins at the alkyne portion and 
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and proceeds by attacking the hydrocarbon portion one 
carbon at a time. This is further suggested by the similar 
mechanism on Pt for the oxidation of acetylene. From the 
present studies, there is no way of determining whether 
the forEaldehyde originated in the alkyne or saturated 
hydrocarbon portion. However, judging from the alcohol 
products of the 1-pentyne oxidation and the 100+1 percent 
co2 efficiency in the oxidation of acetylene in acid, it 
probably originates from the saturated portion. 
By examining the co 2 efficiency per faraday, some 
interesting information is found as to whether the organic 
products are due to a single reaction sequence or to a 
sequence involving parallel or branching reactions. 
Table II contains the various single reaction sequences 
that can give rise to the observed products. The 1-pentyne 
molecule actually consists of two portions with differing 
oxidation states so that the alkyne group is in a higher 
state of oxidation than the propyl group. The first reac-
tion in Table II (4.22) can be used as a basis for com-
paring the co2/Faraday ratios for the other reactions. 
This gives the apparent co2 efficiencies shown in the 
table. Since there were no observed efficiencies greater 
than 100 percent, the reaction sequence on Au which pro-
duced alcohol products was most likely due to parallel 
or branching reactions. In other words, a desorption of 
some intermediate species before oxidation to co 2 was 
Base: 
TABLE II 
REAC~ION SEQUENC~S .~~D ~HE APPARENT C0 2 EFFICIENCY 
FOR J.'HE OXIDATIOi:J OF 1-PENTYNE 
Apparent co 2 Efficiency 
c 5n8 + 10 OH- + 5 C0 2 + 18 H+ + 28 e 100% 
+ 7 OH- + 3 co 2 + CH 3cH 20H + 9 H+ + 16 e lOS 
+ 5 OH- + 2 C0 2 + CH 3cH 2CH 20H + 5 H+ + 10 e 112 
Acid: 
C5B8 + 
. + 5 rl 20 + 5 CH 20 + 8 H + 8 e 0 
+ 47 + 6 II 2 0 + CO 2 + 4 Crl 2 0 + 12 l-I + 12 e 
+ 70 + 7 H20 + 2 C0 2 + 3 CH 20 + 16 H + 16 e 
+ 84 + 8 H2o + 3 C0 2 + 2 CH 20 + 20 H + 20 e 
+ 9 H20 + 4 co 2 + CH 2o + 24 H+ + 24 e 93 









( 3 .1 ) 
lJl 
*"' 
completed led to alcohol production. The same result is 
true for the production of ethanol on Pt (in base), but in 
the case of Pt in acid where formaldehyde was produced 
(Co 2 efficiency was 74 percent), the sequence could be one 
reaction such as equation 4.27. 
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6. Comparison of electrocatalytic activity. The rate 
of reaction on platinized-Pt in base is a factor of 10 6 
greater than that on Au at the same potential and pB. Even 
taking the roughness factor of platinized-Pt into considera-
tion (<Ul0 2 ), the ratio of the rates is still 10 4 • An in-
terpretation of this difference is hindered due to the 
change in mechanism, although the proposed sequences have 
similar steps. The step which is proposed as the r.d.s. 
for the mechanism on Pt is a quasi-equilibrium step on Au 
with the r.d.s. immediately following. An important in-
sight into the catalytic process would be to determine why 
the step is rate determining on one metal and in equilibrium 
on the other. 
Some insight may be gained by a consideration of the 
effects of the heat of adsorption on the activation energy 
sine:' bona breaking and forming in the transition state 
involves bonds between the substrate and the adsorbed 
species. 
The covalent bond energies can be estimated by means 
f ' I t, 11 o Paullng s equa lOn 
D (A-B) (4.30) 
where D(A-A) and D(B-B) are the bond energies for the 
species A-A and B-B, and X is the electronegativity of the 
atom. The heats of sublimation for Au and Pt are 84 and 
135 Kcaljmole, respectively. 12 Bond energies 11 foro and 
C are 33 and 54 Kcaljmole, respectively, where the oxygen 
bond energy comes from H2o 2 and the carbon bond energy is 
the energy difference between C=C and c=c. Electroncga-
t. . . ll 1v1t1es of Au, Pt, C, and 0 are 2.4, 2.2, 2.5, and 3.5, 
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respectively. Calculations of the metal-atom bond strengths 
give 
E Au-C 69 Kcal 





In the proposed r.d.s. for Pt, the transition state involves 
adsorbed hydroxyl radicals which simultaneously desorb from 
the metal to form a chemical bond with the adsorbed or-
ganic species. If one assumes this desorption to be re-
sponsible for the different rate determining steps, the 
relative energy of the transition states can be qualita-
tively related to the M-0 bond strength. The Pt-0 bond 
strength is 37 Kcal more endothermic than the Au-0 bond, 
indicating that the reaction requires a greater activation 
energy on Pt than on Au. This is in accord with the 
proposed mechanism which is the r.d.s. on Pt and a 
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quasi-equilibrium step on Au. The r.d.s. on Au may well be 
a fast reaction on Pt where the greater heat of adsorption 
(on Pt) of the organic species would be an important 
factor. In order for the proposed reaction ~o occur on 
Au, the hydroxyl ion must approach to a certain minimum 
distance, which raises the potential energy of the system 
by electron interactions between the two specie__.;;. The 
stronger bond between the 1-pentyne and Pt allows a greater 
electron transfer to the substrate so that the electron 
cloud repulsions are lower with Pt than Au; thus, the 
higher activation energy on Au. 
One factor that can also be overlooked easily is 
the magnitude of 8 on various metals. Since the coverages 
are normalized on each metal, a quantitative kinetic 
comparison between the metals is impossible as absolute 
concentrations are unknown. The higher the surface 
concentration of the species participating in the reaction, 
the greater is the capacity to support a high rate of 
reaction (provided there is no competition between com-
d f d t . 13 peting adsorbed species). In a stu y o o 2 a sorp lOn, 
Pt was able to adsorb a high coverage while Au had almost 
no coverage. This indicates the ability of specific 
metals to adsorb an electron donor and serves as a further 
explanation of the origin of catalysis. Thus, the faster 
rate of oxidation of 1-pentyne on Pt is accounted for in 
part by both its high concentration of reactive species 
and lower activation energy compared to Au. 
7. Comparison of the oxidation rates of acetylene 
and 1-pentyne. In comparing the rates (see Figures 1 
and 2) for oxidation of acetylene and 1-pentyne on Pt, 
it was found that the 
c:elO in base. For Au, 
ratio rateA/ratep "" 10 2 
the ratio was = 10 1-10 2 
in acid and 
in base. 
The fact that different numbers of electrons are 
involved in the oxidation of acetylene (10 electrons) and 
1-pentyne (28 electrons) lS of no significance when corn-
paring current magnitudes. The explanation for Pt may 
be related to the negative pressure effect as the 1-
pentyne probably has a higher surface concentration due to 
its decreased solubility. In the competition between Oli 
and the hydrocarbon for sites, there would be fewer 
available for OH adsorption with 1-pentyne than with 
acetylene. 
A similar explanation is prooably true for the faster 
rate of acetylene oxidation on Au that vJas observed 
below the transition region. In this region, the r.d.s. 
involved adsorbed acetylene and the hydroxyl radical. 
Above the transition region, the mechanism appears to be 
a proton transfer from the acetylene (slightly acidic) to 
the OH- followed by an electron transfer from the acety-
lide ion. The mechanism proposed for 1-pentyne involves 
formation of a species from adsorbed 1-pentyne and a 
hydroxyl radical followed by a r.d.s. involving a proton 
transfer with a species much less acidic than acetylene. 
The proton transfer from the less acidic species gives 
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rise to a higher activation energy. 
8. Other topics. Due to excessive polymerization, 
the oxidation of 1-pentyne on Au could not be studied at 
pH's of 10.9 and below. The electrode became coated with 
a hydrophobic film which prevented it from being wetted by 
the electrolyte. The coverage of oxygen species on Pt 
and Au in 1 U H2so4 has been reported by Dal1ms, et. al. 
11 
No oxygen species from water discharge were indicated on 
Au in a potential region corresponding to the Tafel region 
reported in this study. It would appear that Oli(ads) 
species proposed for the oxidation of 1-pentyne on Au may 
cease to exist when acid pH's are approached. 




where it was observed that the p.z.c. for the Au electrode 
in 0.1 N solutions of non-specifically adsorbed anions 
was constant at pH's of 9 and below. \'/hen the pH gets 
below 10.9, an alternative reaction which involves polymer 
formation then takes its place. 
D. Recommendations for Future Research 
One of the difficulties in this study was a lack of 
information of the adsorptive properties of the species 
involved in the rate mechanisms. Free energies of adsorp-
tion of water, Oli-, acetylene, and 1-pentyne, their sur-
face coverages and concentrations, and electrode surface 
areas would all assist in a more quantitative interpreta-
tion. By using transient techniques, some of the above 
information may be obtained so as to substantiate or 
disprove the proposed reaction mechanisms. 
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V. CONCLUSIOl~S 
On the basis of the experimental parameters, the 







OH(ads) + e 
OE(ads) + H+ + e 
l~ (ads) + OH (ads) -+ ROH (ads) 
ROII(ads) + OIC(sol) -+ ••• -+ products 
( 5. l) 
( 5. 2) 
( 5. 3) 
( 5. 4) 
( 5. 5) 
where reaction 5.4 is the r.d.s. on Pt and reaction 5.5 is 
the r.d.s. on Au. 
~he difference in catalytic properties of Pt and Au 
was related to the bond strengths of the adsorbed species 





































Above transition region 
~ransfer coefficient 
Below transition region 
Apparent activation energy 
Chemical activation energy 
Faraday constant 
Free energy 





Heat of sul.Jlimation 
Metal atom 
Overpotential 
!:~umber of electrons, 





Ideal gas constant 
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r.d.s. = Rate determining step 
SHE Standard hydrogen electrode 
,,, 
'l'emperature -'-
() = Fraction of surface covered 
v Voltage 
pzc = Potential of zero charge 
p = Partial pressure of 1-pentyne p 
APPENDIX B 
Icti\'l'ERIALS 
The following is a list of the materials and reagents 
used in this investigation. A detailed analysis of the 
reagents may be obtained from the chemical catalogue of 
the respective supplier. 
l. Acid, Sulfuric. Reagent grade, Fisher Scientific 
Co., Fairlawn, :N. J. 
2. Ascarite. 8 to 20 mesh, Arthur H. Thomas Co., 
Philadelphia, Pa. 
3. Gold. (0.005 ln. thick sheet) Engelhard Indus-
tries, Inc. , ~Jew ark, .U. J. 
4. 1-Pentyne. 99.8%, Farchan Research Laboratories, 
'V'lilloughlJy, Ohio. 
5. Platinum. 52-mesh wire gauze, ~ngelhard Indus-
tries, Inc., Newark, N.J. 
G. l1ercurous Chloride. Reagent grade, Fisher 
Scientific Co., Fairlawn, N.J. 
7. I·Icrcury. Triple distilled, Bethlehem Apparatus 
Co., Hellertown, Pa. 
8. Uitrogen. Prepurified grade, Matheson Scientific 
Co., Joliet, Ill. 
9 . Potassium CarlJonate. Certified A.C.S. grade, 
Fisher Scientific Co., Fairlawn, lJ. J. 
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10. Potassium Chloride. Certified A.C.S. grade, 
Fisher Scientific Co., Fairlawn, N. J. 
11. Potassium Hydroxide. Certified A.C.S. grade, 
Fisher Scientific Co., Fairlawn, N. J. 
12. Potassium Sulfate. Certified A.C.S. grade, 
Fisher Scientific Co., Fairlawn, N. J. 
APPENDIX C 
APPARATUS 
'I'he follovving is a list of the principal components 
used in this investigation. 
l. Electrometer. Hulti-range type, Hodel 610B, 
Keithley Instruments Inc., ClevelaDd, 0hio. 
2. Gas Chromatograph. Flame-ionization detector, 
Model 810, F & M Scientific Corp., Avondale, Pa. 
3. Gas Proportioner. Matheson Ho~,:l ,65, Dual-flow 
control, I,'latheson Scientific Co., .Last Hutllerford, ;_J. J. 
4. Potentiostat. 1\notrol, Bodel 4100, Anotrol 
Division, Ponca City, Oklahoma. 
5. Power Supply. Eepco, l\lodel 50011., 600 volts, 
300 rna, Kepco Labs, Flushing, LJ. Y. 
6. Recorder. I-'lodel 710 OA Autograf, Hose ley Co. , 
Pasadena, California. 
7. nesistor. l'lodel 240-C decaue box, Clarostat 
Mfg. Co., Dover, N. H. 
8. Temperature Bath. lJ umber 6 6 5 9 5 , - 3 0 o to 7 0 o C , 
Precision Scientific Co., Chicago, Ill. 
9. Temperature Controller. Model 71, Yellow Springs 
Instrument Co., Inc., Yellow Springs, Ohio. 






The following tables include the data obtained in the 
current-potential, current-temperature, and current-partial 
pressure studies. 
TABLE III 
CURREN'l'-PO'i'ENTIAL VALUES FO~ THE Al\JODIC OXIDATION OF 
1-P.CNTYNE ON Pt 1-'I.T 70°C (P = 0.5 atrn) IN p 
1 N H 2so 4 (pH= 0.35) 
v v I X 10 3 i X 10 3 
m 
vo1ts(NCE) vo1ts(SHE) -2 amp amp· em 
-0.560 0.799 1.1 1.1 
-0.590 0.829 2.6 2.6 
-0.620 0.859 7.0 7.0 
-0.647 0.886 10.6 10.6 
-0.681 0.920 48.0 48.0 
68 
TABLE IV 
















1-PENTYNE ON Pt AT 70°C (P = 0.5 atm) IN p 
H2so 4 + K2so 4 (pH= 1.1) 
v I X 10 3 l X 10 3 
volts(SHE) -2 amp amp· em 
0.765 0.88 0.88 
0.795 1.8 1.8 
0.825 4.3 4. 3 
0.855 10.1 10.1 
0.885 30.0 30.0 
0.915 57.0 57.0 
0.783 1.1 1.1 
0.813 2. 5 2.5 
0.838 4.7 4.7 
0.863 11.7 11.7 
0.888 26.0 26.0 
0.913 59.0 59.0 
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TABLE V 














1-PENTYl'JE ON Pt AT 70°C (P = 0.5 atm) IN p 
H2 so 4 + K2 so 4 (pH= 1.8) 
v I X 10 3 l X 10 4 
vo1ts(SHE) -2 amp amp· em 
0. 6 39 0.087 0.087 
0.689 0.30 0.30 
0.719 0. 79 0.79 
0.749 2.0 2. 0 
0.779 5.0 5.0 
0.809 11.0 11.0 
0.689 0.35 0. 35 
0.719 0.90 0.90 
0.749 2.1 2.1 
0.779 5.0 5.0 
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TABLE VI 
















1-PENTYNE ON Pt A'T 70°C (P = 0.5 atm) IN p 
H2so 4 + K2so 4 (pH= 2.6) 
v I X 10 3 i X 10 4 
vo1ts(SHE) amp amp· em -2 
0.714 3.2 3.2 
0.739 5.9 5.9 
0.764 11.5 11.5 
0.784 23.0 23.0 
0.814 43.0 43.0 
0.664 0.53 0.53 
0.689 1.14 1.14 
0.714 2.4 2.4 
0.739 4.8 4. 8 
0.764 10.0 10.0 
0.789 19.5 19.5 
0.814 31.0 31.0 
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TABLE VII 
CURREIJT-PO'I'ENTIAL VALUES FOR THE ANODIC OXIDA'l"ION OF 
v 
m 















1-PENTYNE ON Pt AT 70°C (P = 0.5 atrn) IN p 
1 N K2co 3 (pH= 11.1) 
v I X 10 3 l X 10 4 
vo1ts(SHE) -2 amp amp· em 
-0.011 0.058 0.058 
+0.019 0.13 0.13 
0.044 0.28 0.28 
0.069 0.66 0.66 
0.069 1.1 1.1 
0.094 2.2 2.2 
0.119 5.35 5. 35 
0.114 9.4 9.4 
-0.011 0.080 0.080 
+0.014 0.16 0.16 
0.039 0.32 0.32 
0.064 0.77 0.77 
0.089 1.97 1.9 7 
0.114 4. 3 4. 3 
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'TABLE VIII 



















1-PEN'TYNE ON Pt AT 70°C (P = 0.5 atm) IN p 






-0. 0 26 0.24 
-0.001 0.59 














































1-PENTYNE ON Pt AT 70°C (P = 0.5 atm) IN p 
KOH + K2co 3 (pH= 12.2) 
v I X 10 3 l X 10 4 
vo1ts(SHE) -2 amp amp· em 
-0.121 0.063 0.063 
-0.091 0.11 0.11 
-0.061 0.25 0.25 
-0.031 0. 78 0.78 
-0.001 2. 8 2.8 
+0.029 7.6 7.6 
-0.098 0.12 0.12 
-0.071 0.23 0.23 
-0.046 0.57 0.57 
-0.021 1.27 1. 27 
+0.004 3. 3 3.3 




CURRElJT-POTEtJTIAL VALUI:S FOR TilE ANODIC OXIDJ\TION OF 
v 
m 











1-PENTYNE ON Pt AT 70°C (P = 0.5 atm) IN p 
1 1' ~ IZ 0 H ( pH = 12 . 7 ) 
v I X 10 3 l X 10 4 
-2 
vo1ts(SHE) amp amp-em 
-0.096 0.22 0.22 
-0.046 1. 39 1. 39 
+0.004 7. 7 7. 7 
-0.136 0.080 0.080 
-0.111 0.14 0.14 
-0. 0 86 0.26 0.26 
-0.061 0.71 0.71 
-0.036 2.0 2. 0 
-0.011 4.7 4 . 7 
+0.014 9. 0 9. 0 
TABLE XI 














1-PENTYNE ON Au AT 70°C (P = 0.5) IN p 
IZOH + K2CO 3 (pH = 11. 7) 











0. 37 3 5.1 



































1-PENTYNE ON Au AT 70°C (P = 0.5 atm) IN p 
KOH + K2co 3 (pH = 12. 2) 
v I X 10 3 i X 10 5 
vo1ts(SHE) -2 amp amp· em 
0.239 0.014 0.093 
0.264 0.026 0.17 
0.289 0.054 0. 36 
0.314 0.12 0.80 
0.339 0.25 l. 66 
0.364 0.54 3.60 
0. 389 l. 20 8. 0 
0.414 3.40 22.7 
0.266 0.041 0.27 
0.298 0.095 0.63 
0.321 O.lG l. 06 
0.346 0.29 l. 93 
0.373 0.62 4.13 
0.406 2.50 16.7 


















1-PEN'l'YNE ON Au A'I' 70°C (P = 0. 5 atm) IN p 
1 N KOH (pH= 12.7) 









0.299 9. 7 
0. 339 24.0 
0.359 46.0 















CURREfJT-'l'Ef!lPERATURE VALUES FOR THE AlJODI C OXIDATI0~\1 
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CURREN'I'-TEI'-1PERATURE VALUES FOR 'i'HE ANODIC OXIDATI00J OF 
1-PENTYNE ON Pt IN 1 N I\OH (P p = 0.5 atm) 
v v T I X 10 3 l X 10 4 
rn 
vo1ts(NCE) vo1ts(SHE) oc -2 amp amp· em 
0.294 -0.055 70 l. 35 l. 35 
65 0.86 0.86 
60 0.51 0.51 
55 0.29 0.29 
70 l. 45 l. 45 
65 0.89 0.89 
60 0.55 0.55 
55 0.31 0.31 
0.244 -0.005 70 6.4 6. 4 
65 4.04 4.04 
60 2.4 2. 4 
55 1.4 1.4 
70 6.15 6.15 
65 3.9 3.9 
60 2.4 2.4 
55 1.4 1.4 
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TABL.t:: XVI 
CURRENT -T:CivlPE Ri\TURE VALUES FOR THE ANODIC OXIDATION OF 
1-PENTYNE ON Au IN 1 N KOH (P p = 0.5 atm) 
v v T I X 10 3 i X 10 5 
m 
vo1 ts (NCE) vo1ts(SHE) oc -2 amp amp· em 
-0.001 0.240 70 0.15 1.0 
65 0.097 0.65 
60 0.058 0. 39 
55 0.035 0.23 
70 0.16 l. 06 
65 0.10 0.67 
60 0.060 0.40 
55 0.035 0.23 
-0.101 0.340 70 2.9 19.3 
65 1.8 12.0 
60 1.0 6.7 
55 0.56 3.7 
70 3.0 20.0 
65 2.0 13.3 
60 1.1 7.3 
55 0.63 4.2 
TABLE XVII 
APPAEENT AC'l'IVA'l'ION ENEHGIES FOR 'l'HE ANODIC 
OXIDATION OF 1-PENTYNE (P = 0.5 atrn) p 
Electrode Electroly-te Potential E 
a 
V (SHE) Kcal 
Pt 1 N H2so 4 0. 8 30 17.7 
0.870 18.8 
0.910 20.0 
1 N l{OH -0.055 21.0 
-0.005 22.1 

























(pH = 1.6) AT 70°C 
v p I X 10 3 p 
vo1 ts ( S!:.L) atm amp 






























CURRENT-PRESSURE VALUES FOR THE ANODIC OXIDATION 
OF 1-PENTYNE ON Pt IN l N KOH (pH= 12.7) AT 70°C 
v v p I X 10 3 l X 10 4 
m p 
volts (NCE) volts(SHE) atrn -2 amp amp em 
0.329 -0.090 0.5 0.33 0.33 
0.3 0.38 0. 38 
0.1 0.47 0.47 
0.06 0.51 0.51 
0.03 0.53 0.53 
0.01 0.75 0.75 
0.259 -0. 0 20 0.5 2.8 2. 8 
0.3 3.2 3.2 
0.1 3.9 3.9 
0.06 4. 3 4. 3 
0. 0 3 4.4 4.4 
0.01 5.0 5.0 
0.329 -0.090 0.5 0.40 0.40 
0. 3 0.49 0.49 
0.1 0.58 0.58 
0.06 0.64 0.64 
0.03 0.73 0.73 
0.01 0.84 0.84 
0.259 -0.020 0.5 3.0 3.0 
0.3 3.4 3.4 
0.1 3.8 3. 8 
0.06 4.1 4.1 
0.03 4.1 4.1 
0.01 4.5 4.5 
TABLE XX 
CURRENT-PRESSURE VALUES FOR TH:C AIWDIC OXIDATION 
OF 1-PENTYNE ON Au IN 1 N KOH (pH= 12.7) AT 70°C 
v v p I X 10 3 i X 10 4 
m p 
vo1ts(NCE) vo1ts(SHE) atm -2 amp amp· em 
0.000 0.239 0. 5 0.25 0.16 
0. 3 0. 37 0.25 
0. 1 0.74 0.49 
0.06 0.88 0.59 
0.03 1.2 0.80 
0.01 2.3 l. 53 
-0.050 0.289 0. 5 0.9 0.60 
0. 3 1.6 1.06 
0.1 2.9 l. 9 3 
0.06 3.8 2.53 
0.03 6. 2 4.13 




RESULTS OF FARADAIC EFFICIENCY STUDIES FOH THE 
ANODIC OXIDA'.I'ION OF 1-PENTYNE TO C0
2 
AT 70 o C 
Electrode Electrolyte p I X 10 3 time Efficiency p 
atm amp hours percent 
Pt l N H2so 4 0.25 20.0 19.0 74+6 
0.01 20.0 ll. 5 80+6 
l N KOII 0.25 4.0- 23.0 69+6 
5.0 
Au l N KOH 0.25 4.0 24.0 43+18 
0.05 4.0 24.0 57+18 
'rABLE XXII 
Sm1MARY OF THE GAS CHROHA'l'OGRAPHIC ANALYSES FOR 
THE OXIDATION PRODUCTS OF 1-PENTYNE 
(P = 0. 5 atm, 'i' = 70 °C) O:U A CAH.JO\JAX 20I1 COLUI·f.'·J. p 
Electrode Electrolyte Condensate Anolyte 
Pt 1 lJ H2so 4 formaldehyde nothiny 
1 N :KOII ethanol notlliny 
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